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a b s t r a c t
ZnO, Zn0.95Co0.05O and Zn0.90Co0.05M0.05O (M@Al, Cd, Na, Cu) single phase ﬁlms have been successfully
synthesized by ultrasonic spray pyrolysis technique. Structural analysis by X-ray diffraction show that
all the ﬁlms have hexagonal wurtzite structure with an average crystallite size in the range of
19–25 nm. SEM analysis revealed that Cd and Na preserve the shape of nanopetals observed with ZnO
or CoAZnO ﬁlms, while the doping with Al or Cu promote the formation of dense ﬁlms constituted of
nanorods. By the application of Levenberg–Marquardt least square method, the experimental transmit-
tance data were ﬁtted perfectly with the transmittance data calculated via a combination of Wemple–
DiDomenico model, absorption coefﬁcient of an electronic transition and Tauc–Urbach model. The
concentration of absorbing centres NCo and oscillator strength f of d–d transition of Co2+ ions are
calculated from Smakula’s formula.
1. Introduction
Zinc oxide based semiconductors showed a great interest in re-
cent years because of their wide range applications, in particular in
the ﬁeld of spintronics. ZnO is a semiconductor with a large band-
gap (Eg = 3.31 eV), large exciton binding energy 60 meV at room
temperature [1] and a transmittance of approximately 0.9 in the
visible region. ZnO crystallizes in a wurtzite structure which can
be deﬁned by a hexagonal lattice in which the Zn2+ ions occupy
the tetrahedral sites formed by the O2 ions.
Recently, transition metal-doped semiconductors have been the
focus of numerous research investigations because of their unusual
optical properties and promising potential for application in opto-
electronic devices [2–5]. Among these semiconductors, ZnO that is
doped with a small amount of transition metal ions, in particular
Co-doped ZnO system has been highly investigated.
Dietl et al. [6] theoretically predicted room temperature ferro-
magnetism on transition metal (TM) doped ZnO known as diluted
magnetic semiconductors (DMS). Since then, investigation of TM-
doped ZnO, especially Co-doped ZnO, has attracted considerable
attention due to their unique properties. Various deposition tech-
niques have been used for the preparation of Co-doped ZnO thin
ﬁlms [7–10].
It is important to note that the defect environment can be al-
tered when a dopant atom M (Co, Al, Cd, Cu and Na) substitutes
a Zn atom. Therefore, it is worth investigating the doping effect
on optical properties of ZnO: M system.
The refractive index dispersion plays an important role in
optical communication and designing of the optical devices. The
knowledge of accurate values of the wavelength dependent
complex refractive index of thin ﬁlms is very important, both from
a fundamental and a technological viewpoint. It yields fundamen-
tal information on the optical energy band-gap, defect levels,
phonon and plasma frequencies, etc.
Numerous theoretical methods have been developed for the
determination of the refractive index of thin ﬁlms. The combina-
tion of a normal incidence transmission measurement and a
near-normal incidence reﬂectance measurement has been used
for the determination of the refractive index (n) and the extinction
coefﬁcient (k) [11–13].
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The problem of estimating the thickness and the optical con-
stants of thin ﬁlms using experimental transmittance data is very
challenging frommathematical point of view, as well as has a tech-
nological importance. Optical transmittance provides accurate and
rapid information on the spectral range where the material trans-
forms from complete opacity to some degree of transparency.
In this work, of ZnO, Zn0.95Co0.05O and Zn0.90Co0.05M0.05O (with
M@Al, Cd, Na and Cu) thin ﬁlms are deposited by ultrasonic spray
pyrolysis (USP) technique. The effects of the nature of the
co-doping element M on structure, microstructure and optical
properties are discussed. A particular attention is given to the the-
oretical methods used for the determination of the dispersion
parameters of the ﬁlms using only a single transmission spectrum.
2. Experimental part
ZnO, Zn0.95Co0.05O and Zn0.90Co0.05M0.05O (with M@Al, Cd, Na and Cu) ﬁlms used
in this study were prepared by ultrasonic spray pyrolysis. This technique has many
advantages, suchasbetter stoichiometry control, better homogeneity, lowprocessing
temperature, lower cost, easier preparation of large area ﬁlms, possibility of using
high-purity startingmaterials, and having an easy coating process of large substrates.
The solution used for the investigated ﬁlms has the following composition: 0.01 M of
zinc acetate [Zn(CH3COO)22H2O)] (Fulka 99.9%); 50 ml deionised water (resistiv-
ity = 18.2 MX cm); 20 ml CH3OH (Merck 99.5%); and 30 ml C2H5OH (Merck 99.5%).
Cobalt nitrate hexahydrate 5% (Co, at.%) [Co(NO3)26H2O], copper acetate 5% (Cu,
at.%) [Cu(CH3COO)2H2O], cadmium acetate 5% (Cd, at.%) [Cd(CH3COO)22H2O],
aluminium nitrate hexahydrate 5% (Al, at.%) [Al(NO3)36H2O] and sodium chloride
5% (Na, at.%) [NaCl] has been used as the Co, Cu, Cd, Al and Na source. A small amount
of acetic acid was added to the aqueous solution for adjusting the pH value to about
4.8, in order to prevent the formation of hydroxides. Water is the most convenient
oxidizing agent. Methanol and ethanol were the obvious choice because of their vol-
atility and thus facilitating quick transformation of the precursor mist into vapor
form, which is an important criterion for obtaining good quality ﬁlms. The ultrasonic
spraying system used in this work consists of a commercial ultrasonic atomizer VCX
134 AT and a substrate holder with heater. The ultrasonic vibrator frequency was
40 kHz and the power used was 130W. The median drop size at 40 kHz is 45 lm.
The nozzle–substrate distancewas 5 cm and during the deposition, the solution ﬂow
rate was held constant at 0.1 ml/min. Further details are reported elsewhere [14,15].
Thin ﬁlms were deposited onto microscope cover glass substrates (30  10 
1.2 mm3) at the temperature of 450 C and the deposition time was ﬁxed at 30 and
45 min. The substrate temperature was monitored with a thermocouple and
controlled electronically.
X-ray diffraction patterns were recorded using high resolution Rigaku Ultima IV
powder X-ray diffractometer equipped with Cu Ka radiation (k = 1.5418 Å). The ﬁlm
morphology was examined using a (Quanta™ 250 FEG-SEM from FEI company)
scanning electron microscope. The transmittances of thin ﬁlms were measured
using a Perkin Elmer UV–VIS–NIR Lambda 19 spectrophotometer in the 190–
1800 nm spectral range.
3. Results and discussion
3.1. Structure and microstructure analysis
X-ray diffraction patterns of as-prepared pure ZnO, 5%
Co-doped ZnO and co-doped Zn0.90Co0.05M0.05O with M@Na, Al,
Cu, and Cd system (Figs. 1a and 1b) reveal the formation of pure
single wurtzite phase as conﬁrmed with JCPDS Card No. 00-036-
1451. The intensity of diffraction peaks varies considerably and
non-homogeneously, depending on the nature (its atomic number)
of the doping element and its real concentration within the ﬁlm
after deposition (which will be discussed in SEM/EDX section).
A preferred orientation along (002) direction for all composi-
tions is observed, but the degree of grains orientation along this
direction is dependent as well on the nature of the doping element.
This was associated with the value of the surface free energy,
which might be minimum for ZnO (002) plane during growth
process [16].
Qualitative and quantitative phase analyses were carried out
using PDXL program. Both lattice parameters (a and c) and micro-
structural parameters (crystallite size and microstrain) were
reﬁned, the results are reported in Table 1. The value of ﬁt
parameters (Rwp (%) weighted proﬁle R-factor; Rp (%) proﬁle
R-factor; Re (%) expected R-factor; S = Rwp/Re and v2 = S2 goodness
of ﬁt) indicate a good ﬁt; see Fig. 2 for Zn0.95Co0.05O composition.
Rietveld reﬁnements conﬁrm the formation of single pure ZnO
phase with hexagonal (P63mc) wurtzite type structure for all com-
positions. The values of lattice parameters of pure ZnO thin ﬁlm are
smaller compared to the values reported in the literature;
a = 3.2542 Å and c = 5.2129 Å compared to a = 3.2328 Å and
c = 5.1952 Å for ZnO thin ﬁlm of 357 nm thickness deposited on
glass substrate by spray pyrolysis using zinc acetate dehydrate
(Zn(CH3COO)22H2O) [17]. This might be caused by the low quality
of X-ray diffraction pattern, as the peak shape proﬁle is not well
deﬁned. Moreover, it is important to mention that recording an
XRD pattern of thin ﬁlm in powder mode as well as the ﬁlm thick-
ness, may cause some shift of peaks’ position, leading to unreal
value of the lattice parameters. In our case, the measurements
were carried out using thin ﬁlm mode, where the height of the
sample is optimized before recording the X-ray diffraction pattern.
Additionally, Chen et al. [18] reported that both crystallite size and
lattice parameter of ZnO ﬁlm grown on Si (111) by pulsed laser
deposition (PLD) increase with increasing temperature.
After 5% of Co doping, the lattice parameters increase to reach
a = 3.2572 Å and c = 5.2162 Å, which is surprising, as the ionic
radius of Co2+ is smaller than that of Zn2+; 0.079 nm compared to
0.088 nm, respectively. Such discrepancy may be attributed to
some Zn2+ deﬁciency when substituted with Co2+ and/or oxygen
Fig. 1a. XRD patterns of pure ZnO and Co-doped ZnO ﬁlms.
Fig. 1b. XRD patterns of Zn0.90Co0.05M0.05O (M@Na, Al, Cu, and Cd) ﬁlms.
stoichiometry (vacancies). Li et al. [19] reported that the lattice
parameters of ZnO ﬁlm deposited on glass substrate by using mag-
netron sputtering and further annealing in vacuum and oxygen
atmosphere decrease, which was attributed to the variation of oxy-
gen vacancy concentration.
Also, some references reported that stress occurring during ﬁlm
deposition may be responsible for the variation of lattice parame-
ter [20], in this case 0.266% for pure ZnO and 0.289% for
Zn0.95Co0.05O.
The obtained values in this study are slightly smaller than the
values a = 3.2521 Å and c = 5.2078 Å of ZnO powder synthesized
by an auto-combustion method [21]. The values for Co-doped
ZnO are higher than that of pure ZnO, which are similar to our
results.
Moreover, it is observed that the variation of lattice parameters
after codoping is in agreement with the change of the ionic radius
of the substituting element (r[Co2+] = 0.079 nm; and r[Cu2+] =
0.087 nm; r[Na+] = 0.116 nm; r[Al3+] = 0.068 nm; and r[Cd2+] =
0.109 nm) by occupying Zn2+ (r = 0.088 nm) siteswithin ZnO crystal
lattice. The variation of lattice volume with the ionic radius of the
doping element shows a linear behaviour, see Fig. 3.
The crystallite size seems to not being affected by the nature
and the ionic radius of the doping element (M@Na, Al, Cu and
Cd), the average value is around 20 nm. However, the value of
microstrain varies considerably with M, which can be attributed
to its valence and ionic radius.
Images of the surface of the ﬁlms were obtained using Second-
ary Electron (SE) detector and Backscatter Electron detector (BSE).
An example of high resolution SEM scans is reported in Fig. 4. To
study the effect of the co-dopant type, SEM images were compared
to those recorded on pure ZnO (Fig. 4e) and Co-doped ZnO (Fig. 4f).
The doping with Co seems to preserve the ZnO microstructure
characterized by the presence of nanopetals emerging perpendicu-
larly to the ﬁlm surface. One can notice a slight effect of Co-doping
on reducing the size and length of nanopetals which is in good
agreements with the reduction of crystallite size observed by
XRD data. For these two ﬁlms, the nanopetals have a thickness of
20 nm and a length (or size) of 200–350 nm. In addition to that,
a population of nanosized spherical features with a size of
30–60 nm can be observed.
However, it is noticed that additional co-doping of CoAZnO has
a strong effect on the morphology of the ﬁlm surface. On one hand,
Cd and Na preserve the aforementioned nanostructure of CoAZnO
ﬁlms but characterized with an increase in the size (length) of nan-
opetals up to 500–800 nm, while their thickness remains almost
unaffected. On the other hand, Cu and Al change the morphology
of the ﬁlms. In particular, Al co-doping leads to the formation of
dense ﬁlm showing small grains with a diameter in the range
15–45 nm. A high magniﬁed image of AlACo ZnO ﬁlms reveals that
these uniform nano-grains are in fact nanorods (or nanowire)
grown mainly in the perpendicular direction of the ﬁlm surface.
Few nanorods can be seen also growing horizontally to the ﬁlm
surface. These nanorods can be seen dispersed in smaller quantity
and higher size for Na and Cd doped ﬁlms. It is noted also that the
nanorods and even some nanopetals exhibit a hexagonal-like
cross-section, implying the occurrence of the wurtzite ZnO crystal
structure.
The SEM is equipped with Genesis Energy-dispersive X-ray
(EDX) spectroscopy system that was used to determine the chem-
ical composition of the ﬁlms. An example of EDX spectra of Cu/Co
co-doped ZnO ﬁlm is shown in Fig. 5. In particular, EDX data are
analyzed in order to reveal the co-doping effectiveness as well as
to check the stoichiometry of the as-prepared oxide ﬁlms, the re-
sults are reported in Table 2. Cu doped ﬁlms are found to induce
the best co-doping of ZnO where the composition of the ﬁlm is
close to the expected one Zn0.9Co0.05Cu0.05O. The other ﬁlms show
Table 1
X-ray diffraction Rietveld reﬁnements results.
Composition Crystallite size (nm) Microstrain (%) Lattice parameters (Å) Rwp (%) Reﬁnements Rp (%) Factors Re (%) S v2
ZnO 25 0.266 3.2542 (5) 5.2129 (7) 16.87 11.84 8.93 1.71 2.92
Zn0.95Co0.05O 23 0.289 3.2572 (4) 5.2162 (7) 9.58 7.41 7.63 1.25 1.57
Zn0.90Co0.05Na0.05O 23 0.163 3.2603 (4) 5.2145 (6) 10.12 7.57 7.22 1.40 1.96
Zn0.90Co0.05Al0.05O 21 0.212 3.2571 (6) 5.2114 (9) 12.71 9.23 8.16 1.56 2.42
Zn0.90Co0.05Cu0.05O 22 0.126 3.2592 (3) 5.2148 (5) 9.02 6.83 7.89 1.14 1.30
Zn0.90Co0.05Cd0.05O 19 0.194 3.2601 (5) 5.2160 (8) 11.01 8.67 7.67 1.43 2.06
Fig. 2. Rietveld reﬁnements of Zn0.95Co0.05O composition. Solid blue curve:
calculated pattern; red solid line: experimental data; solid orange line (down):
intensity difference. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 3. Evolution of lattice volume (V = a2 c sin60) with the variation of ionic radius
of the elements.
a shift from the stoichiometry with the typical atomic composition
of Zn0.93Co0.04Al0.03O and Zn0.94Co0.01Cd0.05O are observed for Al
and Cd doping respectively. The co-doping with Na was found to
be not effective as no trace of this element was evidenced by
EDX analysis; the formed ﬁlm seems to contain Co dopant only.
3.2. Optical properties
The refractive index dispersion plays an important role in optical
communication and designing optical devices. Therefore, it is
Fig. 4. SEM images of co-doped Zn0.9Co0.05 (M) 0.05O thin ﬁlms doped with (a) Al, (b) Cu, (c) Na and (d) Cd. We shows as well (e) pure ZnO and (f) doped Zn0.95Co0.05O thin
ﬁlms.
Fig. 5. Example of EDX spectra of co-doped Zn0.9Co0.05 Cu0.05O used for composition
calculation (see Table 2).
Table 2
Composition and stoichiometry of the thin ﬁlms obtained by statistical analysis of
EDX spectrum.
Co-doping
Zn0.9Co0.05M0.05O
Zn
(at.%)
Co
(at.%)
M
(at.%)
x (Co) y (M)
M@Al 40.7 1.8 1.4 0.04 0.03
M@Cu 44.6 2.75 2.6 0.055 0.05
M@Cd 60.3 0.77 3.4 0.01 0.05
M@Na 47.6 3.75 0 0.07 0
important to determine dispersion parameters of the ﬁlms. In the
transparent region (extinction coefﬁcient k = 0), the dispersion
parameters of the ﬁlms were evaluated using a single-effective-
oscillator ﬁt, proposed byWemple andDiDomenico [22], of the form
n2  1 ¼ EdE0=ðE20  E2Þwhere E ¼ hc=k is the photon energy, E0 the
single oscillator energy, and Ed is the dispersion energy. The param-
eter Ed, which is a measure of the strength of inter-band optical
transitions, is found to obey the simple empirical relationship
Ed ¼ bNCZaNe where NC is the coordination number of the cation
nearest neighbour to the anion, Za is the formal chemical valence
of the anion,Ne is the effectivenumberof valenceelectronsper anion
(usually Ne = 8), and for ionic bi = 0.26 ± 0.04 eV. The values of E0, Ed
and b of ZnO are listed in Table 3.
The refractive index dispersion data below the band-gap can be
analyzed by the following dispersion relation:
n2  1 ¼ S0k
2
0
1 ðk0=kÞ2
ð1Þ
where k is the wavelength of incident light, S0 is the average
oscillator strength of the absorption band with resonance wave-
length k0, which is an average oscillator wavelength. Eq. (1) also
can be converted as:
n2  1 ¼ ðn
2
1  1Þk2
k2  k20
ð2Þ
where n1 and k0 are the high-frequency refractive index and aver-
age oscillator wavelength, respectively.
When absorption bands in the visible and near infrared regions
coexist (extinction coefﬁcient, k– 0), the refractive index disper-
sion data can be analyzed by the following dispersion relation:
n2  1 k2 ¼ ðn
2
1  1Þk2
k2  k20
ð3Þ
In the cases where absorbance of a chemical system reveals a
band of absorption of a ‘‘simple form’’, an electronic transition is
able to correctly describe the same band. A simple Gaussian proﬁle
centred on the vertical transition in question is then used to repro-
duce the structure of this absorption band. This assumes a vertical
electronic transition between a state Si and a state Sj, electron tran-
sition wavelength ki?j and oscillator strength fi?j. The expression
of the resulting spectral band ai?j is proportional to a Gaussian
function such as:
ai!jðkÞ / fi!j
n0
ﬃﬃﬃ
p
p exp ðk ki!jÞ
2
n02
 !
; n0 ¼ n
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
lnð2Þ
p ð4Þ
where n represents the width at half maximum of the Gaussian
function, or bandwidth. This parameter is chosen empirically by
comparison with experiment.
In a simple solid consisting of a host lattice and an impurity ion,
the absorption coefﬁcient a for the solid solution can be considered
as the sum a = ah + ai, where ah, is the absorption from the host lat-
tice and ai is the contribution to the absorption coefﬁcient from the
impurity ion. For ZnO:Co, ah is equivalent to the absorption coefﬁ-
cient for the un-doped ZnO. The extinction coefﬁcient k is related
to the absorption coefﬁcient a by the expression 4pk/k.
The extinction coefﬁcient k in the transparent region (kP kg) is:
k ¼ k0 ðexpðBkg=kÞ  1ÞðexpðBÞ  1Þ þ
k
4p
a0 þ
Xq
j¼1
ai!jðkÞ
" #
ð5Þ
where kg – wavelength of absorption region (EgðeVÞ ¼ 1239:8=kg
ðnmÞ), i – ground state, j – excited state and q is the number of
excited states.
The extinction coefﬁcient k in the region of interband transi-
tions (k 6 kg) is:
k ¼ k1 1 kkg
 r
þ k0 ð6Þ
where k0, k1, B, kg, fi?j, n
0
and ki?j are the ﬁtting parameters and r can
have values as 1/2, 3/2, 2, and 3 depending on the nature of the
interband electronic transitions, such as direct allowed, direct for-
bidden, indirect allowed, and indirect forbidden transitions, respec-
tively [23,24]. For ZnO, the value of r is always 1/2, i.e., the
fundamental absorption corresponds to allowed direct transition.
In order to calculate the optical constants from the data, one re-
quires formulae which relate the measured values of T(k) and
thickness, d, to the real and imaginary components of the refractive
index, N = n-ik, for an absorbing ﬁlm on a transparent substrate.
The common approach is to consider the reﬂection and transmis-
sion of light at the three interfaces of the air/ﬁlm/substrate/air
multilayer structure and express the results in terms of Fresnel
coefﬁcients.
The system is surrounded by air with refractive index n0 = 1.
Taking all the multiple reﬂections at the three interfaces into
account, it can be shown that in the case where k2 n2, the
expression of the transmittance T(k) for normal incidence is given
by [25–27]:
T ¼ Av
B Cvþ Dv2 ð7Þ
where,
A ¼ 16c2nsðn2 þ k2Þ
B ¼ ½ðnþ 1Þ2 þ k2 ½ðnþ 1Þ nþ n2S
 þ k2
C ¼ 2g½ðn2  1þ k2Þðn2  n2S þ k2Þ  2k2ðn2S þ 1Þ cosu
 2kb; ½2ðn2  n2S þ k2Þ þ ðn2S þ 1Þðn2  1þ k2Þ sinu
D ¼ g2½ðn 1Þ2 þ k2 ½ðn 1Þ ðn n2S Þ þ k2
u ¼ 4pnd=k
v ¼ expðadÞ
a ¼ 4pk=k
c ¼ exp½1
2
ð2pr=kÞ2ð1 nÞ2 g ¼ exp½2ð2pr=kÞ2
where r is the rms height of surface irregularity.
The parameters n and k are the real and imaginary parts of the
thin ﬁlm refractive index, d is the ﬁlm thickness and nS is the real
substrate refractive index. Knowing the refractive index of the
Table 3
Dispersion parameters for ZnO [22]. Wurtzite (NC = 4, Za = 2, Ne = 8).
Crystal E0 (eV) Ed (eV) M1 M3, 102 (eV)2 n1 n at 598 nm b (eV)
ZnO 6.4 17.1 2.672 6.523 1.916 1.996 0.27
substrate and putting the values of n and k as computed from
Eqs. (3), (5) and (6) into Eq. (7), the theoretical transmittance value,
referred to as Ttheo, can be obtained. Then by the application of
Levenberg–Marquardt least square method, the experimental
transmittance data (Texpt) were ﬁtted completely with the trans-
mittance data calculated (Ttheo) by Eq. (7) via a combination of
Wemple–DiDomenico model, absorption coefﬁcient of an
electronic transition and Tauc–Urbach model.
Minimizing a sum of squares (|TexptTtheo|) generated for differ-
ent values of the thickness (d) and wavelength of gap (kg) by
iterative technique, and ﬁnding the corresponding n and k, the ex-
act ﬁlm thickness and energy band-gap can be calculated.The
refractive-index of glass substrate, taken from Ref. [28] is:
n2S ¼1þ
1:0396k2
k26:0069103þ
0:23179k2
k22:0017104þ
1:0104k2
k21:0356108
ð8Þ
Transmittance spectra were taken at room temperature to
study the optical properties of ZnO, Zn0.95Co0.05O and Zn0.90Co0.05
M0.05O ﬁlms. The transmittance spectra of all ﬁlms show the char-
acteristic Co2+ absorptions in the visible and near infrared spectral
region at the wavelengths of 565, 611, 657, 1297, 1410 and
1648 nm. The ﬁrst three peaks are the predominant absorptions.
For Al3+, Cu2+, Cd2+ and Na+ codoped Zn0.95Co0.05O ﬁlms, similar
absorption pattern is observed as in Zn0.95Co0.05O, but the absorp-
tion is more pronounced in codoped systems.
The dopant ion (Co2+) transforms the colourless host lattice
(ZnO) into green. If the concentration of the dopant ion is low,
the interaction between the dopant ions can be neglected. This is
what was considered here as an isolated absorbing centre. The real
distance between two Zn atoms in the studied systems is about
0.326 nm, while the Zn atoms in Zn0.95Co0.05O are present in
tetrahedral structures with ZnAO distances of 0.196 nm. For
uniformly distributed Co ions, the mean distance between Co ions
that have been substituted into Zn sites within ZnO crystal lattice
can be estimated via [29] Nat = (4/3) (Z/VC) p r3, where r is the aver-
age radius of an atomic sphere and Nat is the number of atoms in
the sphere. The structural parameters for Zn0.95Co0.05O are:
a = 0.32572 nm, c = 0.52162 nm; volume of unit cell (VC) =
47.92  103 nm3; Z = 2. For zinc atoms in a wurtzite structure of
Zn0.95 Co0.05O, Z/VC = 41.73 nm3. In Zn0.95Co0.05O ﬁlm, 5% of zinc
sites are occupied by Co ions. Therefore, the 20th zinc site from
the probe atom is occupied by cobalt. Using the above calculation,
the average distance between Co ions is estimated to be around
0.48 nm, which means that the nearest Co ion to a probe Co ion
is located in the next unit cell.
According to the ligand ﬁeld theory [30], splitting of 3d7 (Co2+)
orbital should result in the spectroscopic terms 4A2 (A: no degener-
acy), 4T2, 4T1 (T: three fold degeneracy), and 2E (E: two fold degen-
eracy). For Co2+ in ZnO crystal lattice, Co2+ substitutes for some
Zn2+, and adopts tetrahedral ligand coordination. The 3d levels
are extremely host sensitive. The strong crystal ﬁeld in ZnO leads
to the splitting of 3d electron orbits of Co2+ and produces the
ground level: 4A2, and the excited states: 2E, 4T2, and 4T1, etc. The
transitions from 4A2 to 4T2, and 4T1 are spin-allowed.
Figs. 6 and 7 show UV spectra of ZnO, Zn0.95Co0.05O and
Zn0.90Co0.05M0.05O ﬁlms. The absorption peaks located at 657,
610, and 567 nm for Zn0.95Co0.05O and Zn0.90Co0.05M0.05O ﬁlms
can be assigned as 4A2(F)? 2E(G), 4A2(F)? 4T1(P), and
4A2(F)? 2A1 (G), of Co2+, attributed to the crystal ﬁeld transitions
in the high spin state of Co2+ in the tetrahedral coordination, sug-
gesting that the tetrahedrally coordinated Co2+ ions substitute for
Zn2+ ions in the hexagonal ZnO wurtzite structure [31]. Between
1272 and 1647 nm, additional crystal ﬁeld transition was ob-
served, namely 4A2(F)? 4T1(F) transition.
The solid curve in Figs. 6 and 7 corresponds to the curve ﬁtting
using Eq. (7) and the symbol represents the experimental data. The
Figures reveal a reasonable good ﬁtting to the experimental data,
implying the accurate determination of the parameters of Eq. (7).
The values of d, Eg, Ed, E0, rms and n1, extracted by ﬁtting the
experimental data with Eq. (7) are listed in Table 4.
The optical energy band-gap of pure ZnO ﬁlm was estimated as
3.26 eV. This value is slightly smaller than the bulk value of
3.31 eV [1] and in good agreement with previously reported data
of ZnO thin ﬁlms [32]. Table 5 shows some results for comparison
[32–34].
An obvious red shift of the absorption edges can be observed in
Zn0.95Co0.05O and co-doped Zn0.90Co0.05M0.05O with M@Na, Al, Cu,
and Cd ﬁlms. The value of the direct optical band-gap is reduced
from 3.26 to 2.94 eV. The s-d and p-d exchange interactions lead
to a negative and positive correction to the conduction band and
the valence band edges, resulting into band-gap narrowing. The
interaction leads to corrections in the energy bands; the conduc-
tion band is lowered while the valence band is raised thereby
causing the band-gap to shrink [35,36]. The decrease of energy
Fig. 6. Transmission spectrum of Zn0.95Co0.05O ﬁlms deposited on glass substrate at
450 C. Transmission spectrum of ZnO ﬁlm prepared at the same condition is
presented as a reference. Measured (full circles) and calculated (solid lines)
transmittance spectra of ﬁlms.
Fig. 7. Transmission spectra of Zn0.90Co0.05M0.05O (with M@Al, Cd, Na and Cu) ﬁlms
deposited on glass substrate at 450 C. Transmittance of the bare glass substrate,
TSbstrate, is also shown. Measured (full circles) and calculated (solid lines) transmit-
tance spectra of ﬁlms.
value from 3.26 eV (pure ZnO) to 3.14 eV (Zn0.95Co0.05O) appears to
originate from active transitions involving 3d levels in Co2+ ions
and strong sp–d exchange interactions between the itinerant ‘sp’
carriers (band electrons) and the localized ‘d’ electrons of the dop-
ant [37–39]. This red shift of band-gap Eg with the incorporation of
Co2+ into ZnO has already been reported by several researchers
[40–42]. Al3+, Cu2+, Na+ and Cd2+ codoping of Zn0.95Co0.05O result
in decreasing the value of Eg from 3.14 to 3.10 eV, 3.04 eV,
2.95 eV and 2.94 eV, respectively. The shrinking of the band-gap
due to Al3+, Cu2+, Na+ and Cd2+ codoping is consistent with the gen-
eral trend previously observed by other authors [43–46].
Using single oscillator energy (E0) and dispersion energy (Ed)
obtained from the ﬁtted transmittance spectra reported in Table 4,
M1 and M3 moments of the optical spectra can be determined
from the following two equations [16]:
E20 ¼
M1
M3
ð9Þ
E2d ¼
M31
M3
ð10Þ
These moments represent the measure of the average bond
strength. The two moments M1 and M3 were calculated from
the data of E0 and Ed and are given in Table 4. It can be noticed that
the values of M1 and M3 change with the nature of the doping
element. Comparing the results in Table 4 with the absorption
coefﬁcient in the near infrared spectral region, it can be concluded
that M3 increases with the incorporation of cobalt in the host
lattice.
The refractive index of ZnO ﬁlm versus wavelength is
calculated, as shown in Fig. 8, and is found to be lower than that
of bulk ZnO [16]. But for both cases, the relationship between the
refractive index and the wavelength exhibits the same tendency.
The calculated refractive indices of ZnO, Zn0.95Co0.05O and Zn0.90-
Co0.05M0.05O (withM@Al, Cd, Na and Cu) ﬁlms (Figs. 8 and 9) exhibit
a function of thewavelength. It is found that the refractive indices at
Table 4
Dispersion parameters of the ﬁlms extracted by ﬁtting the experimental data with Eq. (7).
Thickness (nm) Eg (eV) Ed (eV) E0 (eV) n at 598 nm n1 M1 M3,  102 (eV)2 r (nm)
ZnO 486 3.258 11.334 6.018 1.771 1.698 1.883 5.200 38
Zn0.95Co0.05O 341 3.140 12.151 5.793 1.845 1.760 2.097 5.770 8
Zn0.90Co0.05Al0.05O 484 3.106 11.110 5.713 1.800 1.716 1.945 5.958 43
Zn0.90Co0.05Cu0.05O 568 3.026 11.237 5.590 1.825 1.735 2.010 6.433 76
Zn0.90Co0.05Na0.05O 1283 2.956 10.031 5.535 1.763 1.677 1.812 5.915 73
Zn0.90Co0.05Cd0.05O 1071 2.946 10.106 5.535 1.767 1.681 1.826 5.960 76
Table 5
Some results of ZnO ﬁlms deposited by spray pyrolysis technique.
Crystallite
size (nm)
Band-gap
(eV)
Thickness
(nm)
Refractive
index
Roguai et al. 25 3.26 486 1.77
[32] 20 3.26 240 1.76
[33] 26 3.28 259 1.88
[34] 15 3.29 325 1.72
Fig. 8. Refractive index of Zn0.95Co0.05O grown on glass substrate at TS = 450 C.
Refractive index of ZnO ﬁlm prepared at the same condition is presented as a
reference.
Fig. 9. Refractive index of Zn0.90Co0.05M0.05O (with M@Al, Cd, Na and Cu) ﬁlms
deposited on glass substrate at 450 C.
Fig. 10a. The absorption coefﬁcient versus photon energy of Zn0.95Co0.05O and
Zn0.90Co0.05M0.05O (with M@Al, Cd, Na and Cu) ﬁlms deposited on glass substrate at
450 C.
598 nm of ZnO, Zn0.95Co0.05O and Zn0.90Co0.05Cu0.05O ﬁlms are equal
to 1.77, 1.84 and 1.82, respectively.It can be noticed that the above
calculated refractive indices are equal or a little greater than that
of ZnO ﬁlm prepared under the same conditions. This might be
due to the fact that the index of refraction is sensitive to structural
defects (for example voids, dopants, inclusions), thus it can provide
an important information concerning the microstructure of the
material. Gases like CH3COOH, H2O, etc. were produced as Zn(CH3
COO)2 was oxidized into ZnO. Consequently, pores can be easily
formed due to the release of these gases. The porosity P is calculated
from optical constants using the Lorentz–Lorenz equation [47]:
P ¼ 1 ðn
2
film  1Þðn2bulk þ 2Þ
ðn2film þ 2Þðn2bulk  1Þ
ð11Þ
where the value of nﬁlm (1.771 at 598 nm) represents the refractive
indices of porous ZnO ﬁlms and nbulk represents the refractive
indices of ZnO bulk which is 1.996 at same wavelength. The average
mass density of the ﬁlm qﬁlm is related to the porosity (P) and bulk
density (qbulk) of ZnO through Eq. (12):
qfilm ¼ qbulkð1 PÞ ð12Þ
We determined P = 0.1659 and qﬁlm = 4.68 g cm3 against the bulk
density qbulk = 5.61 g cm3. The concentration of cobalt cations NCo
for 5 at.% doping level in the ﬁlms can be calculated as:
NCo ¼
qfilmNAv
M
 0:05 ð13Þ
where NAv is the Avogadro constant andM the molar mass. With the
values qﬁlm = 4.68 g cm3, NAv = 6.022  1023 mol1, and molar
mass for ZnO, M = 81.408 g mol1, the calculated value of NCo is
1.73  1021 cm3.
The oscillator strength is often used as a method for calculating
the concentration of impurities in a host from known f values and
measured absorption coefﬁcients. Classically, the oscillator
strength f represents the number of electric dipole oscillators that
can be simulated by the radiation ﬁeld (in the dielectric dipole
approximation) and has a value close to one for strongly allowed
transitions. The integrated absorption of an optical transition is re-
lated to the concentration of absorbing centres N, index of refrac-
tion n, and oscillator strength f by the well-known Smakula
formula [48]:
Nf ¼ 8:21 1016 cm3 n
ðn2 þ 2Þ2
Z
aðEÞdE ð14Þ
where n is the refractive index of intersubband transitions, a is the
decadic absorption coefﬁcient in cm1 and E is the energy in eV. For
Gaussian absorption bands the integral is:
1
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
ln 2
r
amaxW ð15Þ
with maximum absorption a and full width at half maximum W.
Eq. (14) can be expressed as follow:
Nf ¼ 8:74 1016 cm3 n
ðn2 þ 2Þ2
amaxW ð16ÞFig. 10b. The Gaussian deconvolution of the absorption coefﬁcient ofZn0.90Co0.05Cd0.05O ﬁlms deposited on glass substrate at 450 C.
Table 6
Concentration of absorbing centres N and oscillator strength f of d–d transition of Co2+ ions. 1: 567 nm (4A2(F)? 2E(G)); 2: 610 nm (4A2(F)? 4T1(P)); 3: 657 nm (4A2(F)? 2A1(G));
4: 1297 nm (4A2(F)? 4T1(F)); 5: 1410 nm (4A2(F)? 4T1(F)); 6: 1647 nm (4A2(F)? 4T1(F)).
1 2 3 4 5 6
Zn0.95Co0.05O: d = 341 nm, NCo = 4.332  1020 cm3, Rfi?j = 0.065
Refractive index 1.857 1.842 1.831 1.777 1.774 1.770
fi?j,  103 6.839 18.419 18.740 2.728 9.369 9.369
N,  1020 cm3 0.490 0.639 0.556 2.282 0.080 0.285
Zn0.90Co0.05Al0.05O: d = 484 nm, NCo = 6.8  1020 cm3, Rfi?j = 0.043
Refractive index 1.811 1.796 1.784 1.732 1.730 1.727
fi?j,  103 3.821 11.997 6.339 21.049 / 0.208
N,  1020 cm3 1.102 0.918 1.530 0.309 / 2.941
Zn0.90Co0.05Cu0.05O: d = 568 nm, NCo = 5.420  1020 cm3, Rfi?j = 0.225
Refractive index 1.836 1.821 1.808 1.752 1.748 1.746
fi?j,  103 2.588 7.677 13.292 193 7.656 1.671
N,  1020 cm3 1.167 1.802 0.740 0.052 0.938 0.721
Zn0.90Co0.05Na0.05O: d = 1283 nm, NCo = 5.694  1020 cm3, Rfi?j = 0.043
Refractive index 1.775 1.759 1.747 1.694 1.691 1.688
fi?j,  103 3.117 11.551 11.629 7.063 7.599 2.071
N,  1020 cm3 1.784 1.502 1.146 0.726 0.096 0.440
Zn0.90Co0.05Cd0.05O: d = 1071 nm, NCo = 4.933  1020 cm3, Rfi?j = 0.130
Refractive index 1.778 1.762 1.750 1.697 1.695 1.691
fi?j,  103 3.396 11.327 10.959 82.688 18.714 3.168
N,  1020 cm3 1.520 1.466 1.193 0.025 0.409 0.320
It is difﬁcult to quantify the absorbance due to the Co2+ d–d
transitions since the overall value of the transmittance for each
ﬁlm is different. Therefore, the absorption coefﬁcient (a  (1/
d)  ln (1/T)) was used since it is normalized by the ﬁlm thickness
(d) as shown in Fig. 10a. It can be observed that in the near infrared
spectral region, the absorption coefﬁcient drastically increases due
to co-doping especially when the co-dopant is copper ion. Fig. 10b
shows the mathematical treatment of the absorption coefﬁcient.
By optimizing the peak position and half-width of the Gaussian
peaks, it was possible to obtain a good ﬁt for the multi-peak
combination. The Gaussian peaks (dashed lines) are shown at the
bottom of Fig. 10b, while the solid line represents the linear com-
bination of the multi-Gaussian peaks with a constant background.
The Gaussian peak position, area, width (eV) and height (amax,
cm1) are shown in the inset of Fig. 10b. Mathematical treatment
of the absorption coefﬁcient has shown that wide visible and near
infrared spectral region consists of a series of overlapping bands.
Six dominating bands are characterized by 0.75, 0.85, 0.95,
1.88, 2.03 and 2.18 eV.
Knowing the oscillator strengths fi?j as calculated from Eq. (7),
refractive index value of intersubband transitions, i.e. at ki?j of
ﬁlms, amax and full width at half maximumW as found by Gaussian
deconvolution of the absorption coefﬁcient, allows to calculate
from Smakula’s formula the concentration of absorbing centres N.
The obtained values of the concentration of absorbing centres
(N) and oscillator strength (f) of the ﬁngerprint of d–d transitions
of Co2+ ions situated in the Td symmetry sites are given in Table 6.
The sum of the oscillator strength (Rfi?j) from ground state
4A2(F) to all other states varies from 0.04 to 0.22 for the investi-
gated ﬁlms. The concentration of absorbing centres (Co2+) of d–d
transitions increases from 4.3  1020 up to 6.8  1020 cm3 but less
than the calculated value 1.73  1021 cm3.
As mentioned above, the values of the direct optical band-gap is
reduced from 3.26 to 2.94 eV. This signiﬁcant band-gap reduction
is due to enhanced Co2+ ions incorporation in the ﬁlms as well as
the co-doping effect as conﬁrmed by the obtained concentration
of absorbing centres. Doping with Al3+, Na+, Cd2+ and Cu2+ ions
greatly increases the concentration of absorbing centres and
results in enhancing the Co2+ incorporation in the ﬁlms.
4. Conclusion
X-ray diffraction analysis using the Rietveld method shows that
the as-deposited ZnO, 5% Co-doped ZnO and co-doped Zn0.90Co0.05-
M0.05O (M@Na, Al, Cu, and Cd) ﬁlms are pure single wurtzite phase.
The lattice parameters vary linearly with increasing ionic radius of
the doping element.
The nature of the co-dopant element is found to inﬂuence con-
siderably the ﬁlm morphology, grain size and stoichiometry of the
formed oxides. The doping effectiveness was revealed by EDX anal-
ysis of the chemical composition of the ﬁlms. While the co-doping
with Cu appears to be effective and leads to the expected ﬁlm com-
position, the co-doping with Na was not successful. The addition of
Al and Cd are found to lead to the formation of oxide ﬁlms with a
slight shift of its stoichiometry. The morphology of Cd and Na co-
doped ﬁlms is similar to that of CoAZnO and ZnO ﬁlms character-
ized by the formation of nanopetals, whereas Cu and Al additions
change the morphology and lead to the growth of dense ﬁlms
characterised by the presence of nanorods or nanowires.
An optical model, which combines the Wemple–DiDomenico
model, absorption coefﬁcient of an electronic transition and
Tauc–Urbach model, has been proposed to simulate the optical
constants and thicknesses of Co doped ZnO and co-doped Zn0.90-
Co0.05M0.05O (M@Na, Al, Cu, and Cd) ﬁlms from normal incidence
transmittance. It is found that the simulated transmittance is well
consistent with the measured transmittance. The refractive index
dispersion curves obey the single oscillator model. The dispersion
parameters and optical constants of the ﬁlms were determined.
These parameters changed with Co, Al, Cd, Cu and Na dopants.
The concentration of absorbing centres NCo and oscillator strength
f of d–d transition of Co2+ ions are also calculated from Smakula’s
formula.
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